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Network formation of graphene oxide (GO) nanoplatelets was held accountable for the
modiﬁcation of the rheological properties of nanocomposites based on poly(3-hydroxybu-
tyrate) (PHB). The nanocomposites were prepared by a casting procedure from the green
solvent c-butyrolactone. The nature of the GO network and percolation limits were ana-
lyzed by making use of the molar mass reduction of PHB that takes place in the melt, as
well as by studying the deformation dependence of the viscoelastic behavior of the nano-
composites. The percolation volume fraction for the formation of GO network was found to
be below 0.07%, while a corresponding GO aspect ratio of 400 was determined. The equi-
librium shear modulus (|Geq* |) of the GO network and the critical strain cc of the nanocom-
posites could be described both by a power-law dependence on the volume fraction of GO
nanoparticles. Further assessment of the structure formation of the GO nanoparticles was
made in the solid state, wherein the shear modulus of GO was analyzed with the Halpin–
Tsai model. The values thus determined suggested the existence of tiled nanoplatelets
within the formed network structure in the nanocomposites. The thermal properties of
the nanocomposites were examined by differential scanning calorimetry (DSC) and ther-
mogravimetric analysis (TGA). The microstructure of the samples was also characterized
using X-ray diffraction (XRD) measurements.
 2014 The Authors. Published by Elsevier Ltd. This is an open access article under the CC
BY-NC-SA license (http://creativecommons.org/licenses/by-nc-sa/3.0/).1. Introduction
Poly[(R)-3-hydroxybutyrate] (PHB) is a natural linear
polyester that can be produced by a large number of micro-
organisms [1]. First discovered in 1926, it has since
attracted much interest due to its biodegradability and
production from renewable sources. Physical properties
of PHB such as melting temperature, glass transition tem-
perature, crystallinity, and tensile strength are comparable
to those of commercial synthetic polymers [2]. However,
PHB is not stable at processing temperatures above the
melting temperature, and thermal degradation by chain
scission with subsequent molar mass reduction is a seriousissue [3–5]. Furthermore, PHB exhibits brittle fracture
behavior at room temperature, and has a low strain at
break of about 3%.
Modiﬁcation of the physical properties of polymers can
be achieved through the addition of nanoﬁllers for the
preparation of nanocomposites [6–8]. Polymer nanocom-
posites have been intensively studied during the last dec-
ade resulting in modiﬁed mechanical, electrical and gas
barrier properties. Among the nanoﬁllers studied, graph-
ene-based materials have recently attracted most of the
interest due to their two-dimensional (2D) nature, large
theoretical speciﬁc surface area, and wide variety of phys-
ical and chemical properties [8]. A promising route for the
mass production of this type of materials is by the modiﬁ-
cation and/or reduction of graphene oxide (GO) [9]. GO is
typically obtained by oxidizing and exfoliating graphite
C.R. Arza et al. / European Polymer Journal 59 (2014) 262–269 263in an appropriate solvent [10–12]. GO has also been used
as a nanoﬁller for the preparation of nanocomposites based
on i.e., chitosan [13], poly(methyl methacrylate) [14],
poly(ethylene-2,6-naphthalate) [15], polyurethane [16],
poly(lactic acid) [17], poly(ethylene terephthalate) [18],
poly(butylene succinate) [19]. In all cases, the nanocom-
posites showed signiﬁcant changes of some of their physi-
cal properties in relation to the properties of the neat
polymer. The role of structure formation of the GO parti-
cles, however, as well as percolation limits are less often
reported, and their role in structure property relations
are not well understood.
The aim of the present study is to study the modiﬁca-
tion of the rheological properties of PHB by addition of
GO nanoparticles and to contribute to the understanding
of GO structure formation in PHB/GO nanocomposites.
PHB/GO nanocomposites were prepared through a solvent
casting procedure and the inﬂuence of GO on the melt rhe-
ology, thermal properties, solid state dynamic mechanical
properties, and thermal degradation behavior of PHB was
studied.A
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2.1. Materials
Poly[(R)-3-hydroxybutyrate] (PHB) powder was sup-
plied by BIOMER (Germany). The graphite used in this
study was supplied by Asbury Graphite Mills (Expandable
Graphite grade 3626). Hydrogen peroxide (35 wt% in
water, Acros), potassium permanganate (98%, Acros), sul-
furic acid (95–97%, Scharlab S.L.), hydrochloric acid
(37 wt%, Honeywell), dimethyl sulfoxide (DMSO) (LAB-
SCAN Analytical Sciences), and c-butyrolactone (GBL)
(99%, Sigma–Aldrich) were all used as received. The poly-
mer was treated with 0.001 N aqueous HCl for 30 min
and washed with deionized water three times. Finally, it
was dried at 30 C under vacuum for 5 days. The weight
average molar mass (Mw) and the polydispersity index
(PDI) after treatment was 620,000 g mol1 and 2,
respectively.M2.2. GO synthesis and sample preparation
Graphite oxide was synthesized from graphite by the
modiﬁed Hummers method [20]. Sulfuric acid (260 mL)
was mixed with graphite ﬂakes (2 g) using a mechanical
stirrer at 0 C (ice bath) during 10 min. KMnO4 (2 g) was
added slowly and stirred at room temperature during
24 h. An additional, four KMnO4 portions of 2 g each were
added at a rate of one every 24 h. The reaction mixture was
then quenched in 700 mL ice-water, and a 30% H2O2 solu-
tion (ca 10 mL) was added until it turned light-yellow. The
mixture was centrifuged at 10,000 rpm for 20 min, and the
colorless supernatant was decanted. The sediment was
stirred for 30 min in 10% aqueous HCl solution (500 mL),
and then centrifuged out at 10,000 rpm for 20 min. The
separated graphite oxide was subsequently washed 3
times with deionized water (3  500 mL) by centrifuging
at 10,000 rpm. Finally, the wet graphite oxide was driedat 30 C under vacuum for 5 days. Dispersions of GO
(2.5 mg mL1) were obtained by exfoliating graphite oxide
in GBL under ultrasonic irradiation (Bransonic Ultrasonic
Cleaner model 2510E-MTH) for 3 h. The dispersion was
stored over molecular sieves (4 Å).
The nanocomposite ﬁlms were prepared by solution
casting from a 3 wt% polymer solution in GBL. The concen-
tration of GO in the nanocomposites was kept in the range
from 0.001 to 5 wt%. PHB powder was dissolved in GBL at
130 C during 3 min. The solution was quickly cooled to
65 C, followed by the addition of the required amount of
GO dispersion at 65 C. After stirring during 7 min, the dis-
persions were cast onto a petri dish and dried in an oven at
130 C for 16 h. An additional series was prepared as
described above with the exception of the PHB powder
that was ﬁrst dissolved in DMSO (ﬁnal solvent ratio before
casting was adjusted to GBL/DMSO = 62.5/37.5 v/v). For
dynamic mechanical analysis in the solid state, samples
were prepared between electrically heated platens (Gra-
seby Specac) by compression molding the ﬁlms at 180 C
for 2 min to produce samples with the dimensions
36 mm  5 mm  0.95 mm. Likewise, for dynamic
mechanical analysis in the melt, samples were compres-
sion molded at 180 C for 2 min into discs with a diameter
of 15 mm and thickness of approx. 0.85 mm. Films pressed
at 180 C for 2 min were also used to collect the X-ray dif-
fraction (XRD) patterns.2.3. Characterization
XRD patterns were recorded with a Stoe Stadi MP Dif-
fractometer in the reﬂection mode using Cu Ka radiation
(0.145 nm).
Thermal transitions of the samples (ca 2 mg) were stud-
ied by differential scanning calorimetry (DSC, TA instru-
ments Q2000). A ﬁrst heating run from room
temperature to 185 C was performed to erase the thermal
history of the material, followed by a cooling run to70 C,
where both the enthalpy and temperature of crystalliza-
tion were obtained. The glass transition and melt temper-
atures were obtained in a second heating run from 70 C
to 200 C. The heating/cooling rates were 10 C min1.
Thermal decomposition of the nanocomposites and graph-
ite oxide was determined by thermogravimetric analysis
(TGA, TA instruments Q500). The TGA analysis was per-
formed in a single heating run from room temperature to
500 C for polymer-containing samples, and to 900 C for
the graphite oxide (ca 2 mg for all samples) at a heating
rate of 10 C min1.
Dynamic mechanical analysis both in the solid and melt
state was performed with an Advanced Rheometer AR2000
ETC from TA Instruments. Rheological characterization in
the melt was performed using parallel plates with a diam-
eter of 15 mm under nitrogen atmosphere. The primary
rheological quantities phase angle d and the dynamic shear
modulus |G*| were simultaneously determined at 185 C as
a function of elapsed time te. The phase angle d(te) and the
dynamic shear modulus |G*(te)| of pure PHB and nanocom-
posites were monitored by performing ‘‘time sweeps’’ in
264 C.R. Arza et al. / European Polymer Journal 59 (2014) 262–269
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6.28 rad s1 (1 Hz). Each test was started 2.5 min after
the insertion of the disc into the rheometer at 185 C. A
‘‘stress sweep’’ between 2 and 10,000 Pa at frequency
6.28 rad s1 (1 Hz) was performed to ﬁnd the critical strain
cc for the linear viscoelastic region. cc was deﬁned as the
strain at which |G*(c)|/|G0* (c)| decreases to 0.9 where
|G0* (c)| is the linear extrapolation of |G*(c)| starting from
small strains in a log|G*|  logc plot. The dynamic shear
modulus in the solid state was recorded at 30 C in the
linear viscoelastic region at strain amplitude of 0.2%, an
angular frequency of 62.83 rad s1 (10 Hz), and a static
pre-tension of 1 N.
3. Results and discussion
3.1. X-ray diffraction spectroscopy
Fig. 1 shows the XRD patterns for graphite, graphite
oxide, PHB, and the nanocomposites containing 1, 3 and
5 wt% GO. The diffractogram of graphite oxide shows a
reﬂection at 2h = 10.9 whereas the (002) reﬂection for
graphite is present at 2h = 26.6. The disappearance of the
latter reﬂection indicates the oxidation of graphite, and
the increase of the spacing between graphite oxide layers
due to intercalation of oxygen-containing groups [21–23].
The diffractograms for the nanocomposites containing 1,
3 and 5 wt% of GO presented neither reﬂection belonging
to graphite oxide nor new reﬂections when compared with
the XDR pattern of PHB, thus showing no evidence of dis-
cernible restacking of GO at room temperature after the
preparation of the nanocomposites. Fig. 1, on the other
hand, also showed differences among the XDR patterns of
PHB and nanocomposites, mainly in the relative intensities
of the reﬂections at 2h = 16 and 2h = 17 due to the (011)
and (110) planes, respectively, as well as the relative
intensities of the three reﬂections between 2h = 20 and
2h = 24. Such differences are explained by preferred orien-
tation effects, as observed by Gazzano et al. in XDR pattern
of PHB ﬁlms isothermally crystallized from the melt at
various temperatures [24].Fig. 1. X-ray diffraction patterns of graphite (G), graphite oxide, PHB, and
nanocomposites containing 1, 3 and 5 wt% GO.3.2. Thermal characterization
PHB is a natural product that is commercially available
and can also be prepared at laboratory scale. Thermal
decomposition temperatures (Td) reported in the literature,
however, vary widely typically between 250 C and 285 C.
It is essential when modifying polyhydroxyalkanoates with
additives, ﬁllers or other polymer that the PHB constituent
has a Td as high as possible, close to 285 C, which gives an
indication of the purity of the PHB material under
consideration.
The thermogravimetric traces of GO, PHB and the nano-
composites are shown in Fig. 2. The GO sample was pre-
pared, similar to the nanocomposite ﬁlms, by drop
casting the dispersion in GBL onto a Teﬂon plate and drying
at 130 C for 16 h. As expected, the resulting GO thermo-
gram was consistent with results published previously
[20,23]. The thermogravimetric analysis of PHB and nano-
composites showed that Td for pure PHB and nanocompos-
ites remained unchanged up to 285 C regardless of the
amount of GO. The increasing weight loss observed around
200 C was attributed to the increasing presence of GO in
the nanocomposites. It is relevant to stress the importance
of the acidic wash to the as-received PHB in order to prop-
erly assess the effect of GO on both the thermal and phys-
ical properties of PHB (see Section 2). The acidic wash is a
key step for the fundamental study of PHB as it removes
remaining metal ions from the as-received polymer. Metal
ions are known to accelerate the polymer degradation pro-
cess [25]. Thus, by treating as-received PHB with aqueous
HCl, the Td of PHB was observed to increase from 271 to
285 C (Fig. 1 SI). Jing and Qiu have shown that by adding
1 and 2 wt% GO to a PHB, the Td of their nanocomposites
increased from 266 C to 277 and 290 C, respectively
[26]. In the present study, a similar enhancement of Td
was also observed when incorporating 1 and 2 wt% of GO
to the as-received PHB, namely, from 271 C to 284 and
285 C, respectively (Fig. 1 SI). However, the addition of
GO had no effect on the Td of PHB after puriﬁcation using
the aforementioned acidic wash. This may suggest that it
is rather the interaction between GO and possible metal
ions in the as-received PHB that caused the apparentFig. 2. TGA traces of GO, PHB, and nanocomposites containing 1–5 wt%
GO at 10 C min1.
C.R. Arza et al. / European Polymer Journal 59 (2014) 262–269 265increase of the Td of the nanocomposites in the study by Jiu
and Qiu.Fig. 4. Weight average molar mass (Mw) of PHB and nanocomposites as a
function of added GO wt% for as-prepared samples [—], and for samples
annealed at 185 C for 20 min [–].
RO
M
O
LE
CU
LA
R
N
A
N
O
TE
CH
N
O
LO
G
Y3.3. Rheological characterization
Fig. 3 shows the dynamic shear modulus |G*(te)| of PHB
and nanocomposites at 185 C as a function of elapsed time
(20 min ‘‘time sweep’’) in the linear viscoelastic region and
measured at an angular frequency of 6.28 rad s1. For PHB,
the shear modulus decreased with time due thermal deg-
radation that takes place at 185 C. Consequently, shorter
polymer chains are randomly generated by the b-elimina-
tion mechanism which causes a molar mass reduction of
the polymer while maintaining a constant PDI of 2 [27].
Decreasing molar mass of linear polymers generally results
in a horizontal shift of the dynamic shear modulus–log fre-
quency curve to higher frequencies. At constant frequency,
as we performed our experiments, the dynamic shear mod-
ulus will then decrease and the phase angle d increase
towards 90. The measurements are carried out at such
temperature and frequency that the collected data cover
the end of the rubber plateau including the terminal zone.
By increasing the amount of GO in the polymer, the initial
shear modulus of the nanocomposites was consistently
enhanced, and the time dependence was reduced. The
large changes in rheological properties with increasing
GO content may reﬂect both micromechanical ﬁller effects,
which depend on ﬁller volume fraction /, moduli ratio,
aspect ratio, and particle dispersion, as well as a possible
inﬂuence of the GO particles on the thermal degradation
of the PHB. From TGA measurements, often wrongly used
as the sole measure of the thermal stability, no inﬂuence
of GO on the decomposition temperature Td was observed.
However, molar mass determination before and after
20 min at 185 C gave clear evidence for a degradation pro-
cess with increasing degradation rate of PHB in the nano-
composites (Fig. 4). The sharp increase of the dynamic
shear modulus shown in Fig. 3 can therefore be attributed
to the micromechanical action of the nanoparticles, and
can be further explored by evaluating the primary mea-Fig. 3. Dynamic shear modulus |G*(te)| of PHB, and nanocomposites
containing 0.1–5 wt% GO as a function of elapsed time at x = 6.28 rad s1
and 185 C.
M
A
Csured viscoelasctic quantities, the phase angle d(te) and
the dynamic shear modulus |G*(te)| as a function of elapsed
time te at 185 C and at angular frequency x = 6.28 rad s1.
In Fig. 5, d(te) vs |G*(te)| is plotted. This kind of plot has
previously been very useful in exploring the structure and
mobility of miscible and heterogeneous polymer blends
[28–30]. Booij and Palmen [28] introduced the d vs |G*| plot
to determine a frequency and temperature independent
apparent plateau modulus by extrapolating the phase
angle d to zero. Eklind and Maurer [29] used this type of
plot extensively to characterize theoretically and experi-
mentally the inﬂuence of morphology on the viscoelastic
properties of heterogeneous polymer blends and discussed
the advantages of the data analysis. Van Gurp and Palmen
[30] used the d vs |G*| plot to discuss time–temperature
superposition of miscible and heterogeneous polymer
blends. Other rheological data of viscoelastic polymer
melts such as G0 and G00, g0 and g00, or g0 and |g*| are derived
from the primary data and contain in principle the same
information. The use of the phase angle d in this respect
is advantageous as it allows an extrapolation to d is zero.
The apparent dynamic equilibrium modulus determined
this way is independent of both frequency and molar mass.
Two series of samples are prepared from two different sol-
vent systems, namely, GBL and GBL/DMSO. The results are
presented in Fig. 5a and b. The data in Fig. 5a and b are col-
lected as a function of elapsed time te, and represent the
effect of the continuously decreasing molar mass on the
rheological data. Remarkably, for the sample series pre-
pared with GBL (Fig. 5a), all the data in the terminal zone,
including the non-ﬁlled PHB data, showed network forma-
tion and a GO-dependent equilibrium modulus by
extrapolating
jGeqj ¼ lim
d!0
jGðteÞj ð1Þ
On the other hand, for the series prepared with GBL/DMSO
(Fig. 5b), network formation and equilibrium modulus
dependence on GO was observed only for nanocomposites
with concentrations equal or higher than 0.1 wt% of GO.
Nevertheless, for both series, the network modulus
Fig. 5. Phase angle d(te) vs the dynamic shear modulus |G*(te)|for sample series prepared in (a) GBL and (b) GBL/DMSO, at x = 6.28 rad s1, and 185 C. The
equilibrium shear modulus |Geq* | for 0.1 wt% GO, obtained by extrapolating |G*| as d approaches 0, are also indicated by the dotted line in both series.
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of a weak structural network in unﬁlled PHB prepared with
GBL remains unclear, the evidence showed that the effect
of GO on the nanocomposites, hence the equal scaling
behavior in both series, was independent of whether
unﬁlled PHB included a weak network structure or not.
Shih et al. [31] developed a scaling theory using a fractal
gel model, where the elastic shear modulus G0 and the crit-
ical strain cc (limit of the linear viscoelastic region) of a col-
loidal gel both follow a power-law dependence of the
volume fraction of the gel forming component. In the case
where the links between the ﬂocs had a higher elastic
modulus than the links between particles, the theory pre-
dicts G0 / /x and cc / /y where / is the volume fraction
of the ﬁller, x = (3 + b)/(3  D), and y = (1 + b)/(3  D).
Here, D is the fractal dimension of the aggregate network,
and b is an exponent that relates the particle volume frac-
tion with aggregate size, being 1 < b < D [31]. Experimental
values for the power-law exponent x for colloidal gels haveFig. 6. Equilibrium shear modulus |Geq* | of the sample series prepared in
GBL [] and GBL/DMSO [s] as a function of GO volume fraction.been reported to lie between 2.4 and 4.4 [31–43]. In this
study, Fig. 6 shows the relation |Geq* | / /2.42, the power-
law exponent of which x = 2.42 was found to be in line
with aforementioned values. Furthermore, the limits of lin-
earity of viscoelastic behavior were analyzed by perform-
ing ‘‘strain sweeps’’ at 6.28 rad s1 and at 185 C. Fig. 7
shows the dynamic shear modulus |G*(c)| as a function of
the strain amplitude for PHB and the nanocomposites
(1–5 wt% GO), where critical strains cc are indicated. As
predicted by the theory of Shih et al. [31], the limits of the
linearity for PHB/GO nanocomposites followed a power-law
dependence on the GO volume fraction, cc / /3.46 as
shown in Fig. 8. Values reported in the literature for the
power-law exponents for other heterogeneous materials,
are also in line with the one obtained in this study [31–
43]. Moreover, the abovementioned expressions describing
the fractal aggregates model were determined to be
b = 7.7 and D = 4.9. For the percolation of spherical parti-
cles to occur, and according to the scaling model, bmust beFig. 7. Dynamic shear modulus |G*(c)| of PHB, and nanocomposites
containing 1–5 wt% GO as a function of strain amplitude c at
x = 6.28 rad s1, and 185 C. The critical strain for the sample containing
1 wt% GO was not indicated since it could not be determined.
Fig. 8. Critical strain cc of the nanocomposites as a function of GO volume
fraction.
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addition, the other necessary condition for the theory to
apply, D < 3, was not fulﬁlled either. This might indicate
that the network formed in PHB/GO nanocomposites is
not of fractal nature. Similar results were also obtained
by Vermant et al. [38] for polypropylene/clay nanocompos-
ites, where they concluded that the nature of the network
was not fractal despite ﬁnding evidence for local
aggregations.
According to Ren et al. [44], the relationship between
the aspect ratio of the disk-shape nanoﬁller and the perco-
lation volume fraction, assuming a randomly oriented and
monodispersed system, is equal to:
n ¼ 3/s
2/p
ð2Þ
where n is the aspect ratio, described as the ratio of width
to thickness of the ﬁller, /s = 0.29 is the onset of percola-
tion of interpenetrating, randomly packed spheres, and
/p the percolation volume fraction. The percolation volume
fraction, deﬁned as the volume fraction at which a space-
ﬁlling network of GO particles is ﬁrst formed, was obtained
at 0.1 wt% GO. This was the composite with the lowest
loading where an equilibrium modulus was measured
(Fig. 5b). This deﬁnition would not apply for the series pre-
pared with GBL (Fig. 5a). However, also for this series it
was at 0.1 wt% GO where the equilibrium modulus of the
nanocomposite started to increase and scaled as |Geq* |
/ /2.42. Using Equation (2) and /p = 7  104 (0.1 wt%
GO), an aspect ratio equal to 400 was determined. Further-
more, assuming the dimensions of the monolayer GO
obtained by the Hummer’s method to be on the order of
1 lm in lateral size, and between 0.7 and 1 nm in thickness
[45–47], additional information of the dimension of GO
sheets forming the network in the nanocomposites was
estimated. By assuming that the network is mainly by sin-
gle layers of GO, lateral sizes ranging from 280 to 400 nm
can be deduced. On the other hand, if the lateral size of
1 lm is assumed a network composed of bi- or trilayer of
GO sheets would be the case. In this study, the latter
situation is considered more likely due to the tendency
to re-stacking of the GO sheets.3.4. Solid state characterization
Dynamic mechanical analyses in the terminal zone of
the viscoelastic behavior of the melt are very sensitive to
changes in molecular mobility of the matrix and network
formation. However, in the solid state, these weak network
forces play a minor role, and the structure and aspect ratio
of the nanoﬁller, as well as the moduli of the constituents
are dominant factors for the viscoelastic behavior of the
nanocomposites. In the case of semi-crystalline polymers
nanocomposites, the degree of crystallinity will in turn
determine the modulus of the matrix. For this purpose,
the effect of GO on the thermal properties of the nanocom-
posites was study by DSC (Figs. 2 and 3 SI). As it was
observed, the addition of GO to PHB caused only minor
changes in the enthalpy values of crystallization DHc,
which indicated that the degree of crystallinity, and so
the modulus, of the PHB matrix in the nanocomposites is
similar after the preparation of the samples.
Suitable models such as the Halpin–Tsai model can be
used to ﬁt experimental data with two ﬁtting parameters:
the modulus of the nanoﬁller and its aspect ratio n [48]. In
the present study, the determination of shear moduli,
instead of the E moduli, was preferred since they are only
slightly dependent on the orientation distribution of aniso-
tropic particles [49]. The expression for the Halpin–Tsai
model for platelet reinforcement used was:jGnanoj
jGPHBj
¼ 1þ ng/
1 g/ ð3Þwith:g ¼ jG

GOj=jGPHBj  1
jGGOj=jGPHBj þ n
ð4Þwhere |Gnano* |, |GPHB* |, and |GGO* | are the shear modulus of
the nanocomposite, PHB, and GO, respectively, and n is
the aspect ratio. Solid state dynamic shear measurements
of PHB and the GO nanocomposites were performed at
30 C in the linear viscoelastic region at constant strain
amplitude of 0.2%, and an angular frequency of
62.83 rad s1. Fig. 9 represents the shear modulus of PHB
and the nanocomposites as a function of GO volume frac-
tion and aging time of 1, 5 and 25 days after preparation
of the samples. All moduli increased with time probably
due to secondary crystallization effects and physical aging
effects. All data can be well described by Eq. (3), using the
already determined aspect ratio of 400, and by ﬁtting the
shear modulus of GO to an average value of 17.5  109 Pa
for the different aging times. This rather low value of the
apparent shear modulus of GO, in comparison to expected
single sheet properties, is comparable to the range of E
moduli of 6–24 GPa reported for tiled GO layers in GO
paper [50–53]. It is worth mentioning, however, that
according to the modiﬁed Halpin–Tsai model in this study,
the ratio |GGO* |/|GPHB* | becomes almost independent of the
aspect ratio for values higher than 100 (Fig. 4 SI).
Fig. 9. Dynamic shear modulus of PHB and nanocomposites at
x = 62.8 rad s1, and 30 C. 1 [j], 5 [s], and 25 [N] days after their
preparation. The straight curves are ﬁtted by the modiﬁed Halpin–Tsai
model for an aspect ratio n of 400 and GO apparent shear modulus |G*|GO
of 17.5 GPa.
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PHB nanocomposites based on GO were prepared by
casting from GBL mixtures. Microstructural analysis of
the nanocomposites revealed an efﬁcient exfoliation of
the GO, indicated by the absence of the reﬂection associ-
ated to the nanoﬁller in the XRD diffraction patterns. The
decomposition temperature of PHB recorded by TGA
remained unchanged with the incorporation of GO.
However, molar mass measurements indicated that GO
had a negative inﬂuence on the thermal stability of the
polymer. Melt rheology was used to analyze and character-
ize the dispersion and network formation of GO nanoplat-
elets in the nanocomposites. The increase of the dynamic
shear modulus of the nanocomposites was attributed to
the micromechanical action and network formation of
the GO nanoparticles. Analysis of the primary viscoelastic
quantities, the phase angle d(te) and the dynamic shear
modulus |G*|(te), as well as the variation of the limits of lin-
earity of viscoelastic behavior were used to evaluate the
GO dependent network. Power-law dependencies of the
equilibrium shear modulus |Geq* | and the limits of linearity
on GO volume fraction were found to ﬁt well the experi-
mental data, |Geq* | / /2.42, and cc / /3.46. However,
according to the scaling theory for colloidal gels as a collec-
tion of fractal aggregates, where both power-law scaling
apply, the nature of the GO network could not be ascribed
as such. Moreover, a corresponding aspect ratio n of GO
was determined to be 400. Solid state dynamic shear mea-
surements were analyzed according to the Halpin–Tsai
model for platelet reinforcement, where the shear modulus
of GO was used as the ﬁtting parameter. Consequently, using
the calculated aspect ratio, an average value for the GO
apparent shear modulus of 17.5 GPa was determined,
indicating a GO network structure including tiled GO layers.
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